The electromagnetic density of modes (DOM) in a finite one dimensional photonic crystal containing dispersive metamaterials is computed using Wigner time approach. The expression of DOM is derived using transfer matrix method. Different structural parameters such as relative thickness, incident angle and total number of unit cells are varied and their effects are investigated. It is observed that relative thickness, angle of incidence and total number of unit cells play important role in determining the properties of DOM depending on the frequency regime under consideration.
INTRODUCTION:
Photonic crystals (PhCs) are structures having periodic modulation of refractive index. These structures have novel optical attributes and find variety of scientific and technical applications, such as waveguides, filters, delay lines, optical logic gates, etc. [1] [2] . When electromagnetic (EM) waves incident onto the structure, some get scatter from the interfaces present and combine to give rise to photonic band gaps: the range of frequencies for which EM waves are not allowed to transmit through the structures. Outside of band gaps, waves can propagate through the structure.
The advent of PhCs has aroused lots of interest towards possibilities of controlling the electromagnetic density of modes (DOM) near band gap edges. Thus, it is possible to enhance DOM near the band gap edge frequencies [3] . Controlling DOM near band gap edges finds applications in alteration of spontaneous emission in layered semiconductors [4, 5] , optical bistability [6] , gap soliton [7] , thin film isolator [8] , and optical limiting and switching [9] etc. D'Aguanno et al. [10] have described in detail about the different methods such as Green function technique, the Wigner phase time approach, and the EM energy density to compute and studies the properties of DOM in the PhCs. Boedecker et al. have investigated the local density of states in absorbing crystals by making use of effective medium theory [11] . Settimi et al. have
used quasinormal-mode method for studying DOM in the PhCs [12] . The effect of refractive indices of ambient medium and surface truncation on the DOM was investigated by Z. Wang et al. and found that surface truncation has strong affect on DOM in the PhCs [13] [14] .
Prasad et al. have explored various properties DOM in magnetized plasma photonic crystals [15] . As metamaterials offer various interesting and novel optical properties, so it is pertinent to study the properties of DOM of modes in the PhCs structures containing metamaterials. So, in the present article we have investigated the properties of DOM in the PhCs containing metamaterials. Organization of paper is as follows. In section 2, basic equations and theoretical formulation of problem are given. The obtained results are discussed and illustrated in section 3. A conclusion is drawn in section 4.
Theoretical modelling:
Here we have computed DOM in 1D PhCs containing dispersive metamaterials. The unit cell of the considered structure is shown in Fig.1 . There are two layers in each unit cell, whose periodic stacking constitute the composite structure. Each layer contains dispersive metamaterial. The relative permittivity and permeability of each layer can be written as follows [16, 17] Let the plane EM wave is injected from the vacuum into the 1D-PhCs structure at angle of incidence θ with the normal to the interface of unit cell. Now, we can have two polarization of the wave, transverse electric (TE), where electric field is in the y-direction or transverse magnetic (TM), magnetic field in the y-direction. Using transfer matrix method, we can relate electric and magnetic fields at any two positions z and z z ∆ + in the same layer, where . We obtain the transmission coefficient for TM and TE waves using transfer matrix method [18] : and x and y are the respective real and imaginary part of transmission coefficient. Also, ϕ is the total phase accumulated as the light propagates through the potential and hence can be written as kd , where k is the effective wave number and d is the physical thickness of the structure. Hence, the dispersion relation can be written as
. Therefore, The DOM, ( ) ω ρ is given by [3] :
where x' and y' is derivatives of x and y with respect to ω. Now, DOM is defined as the total number of wave-number available per unit frequency range.
Results and discussion:
In To study the properties of DOM, we have computed transmittance and DOM in three materials regions. In the frequency range 0.812 ൏ ߱ ߱ ൏ 1.96 ⁄ ; where materials behave as ENG-MNG materials, we obtain compelete band gap [16] , so transmittance is zero and DOM is also zero, so it is not shown. In this region, there is no effect of incident angle.
Figs. 2 & 3 are plotted to analyze the effect of incident angle on transmittance and DOM in NIM region and PIMs region for tranverse electric (TE) and transverse magnetic (TM) modes. In Fig.  2(a) , it is found that in lower frequency range ( ߱ ߱ ൏ 0.653 ⁄ ), transmittance (T) shows peaks at same frequency for TE & TM modes at same angle of incidence (θ 0 = π/3 & π/6) whereas in higher frequency ( 0.653 ߱ ߱ 0.68 ⁄ ) , T has peaks at different frequencies for TE and TM modes. Fig. 2(b) describes DOM as a function of normalized frequency and it is observed that it is negative in this frequency range. Important point is that it shows dip at same frequency for TE & TM both upto ߱ ߱ ൏ 0.653 ⁄ and after that it has dips at different frequencies for TE and TM at same incident angle. (Fig. 3(a) ). In the DOM plot ( Fig. 3(b) ), we have found that it shows positive values in this frequency range for TE & TM at θ 0 = π/3 & π/6. The important thing here is that it has higher positive DOM for TE modes at θ 0 = π/6. For the same incident angle, TM modes shows small value of DOM. Simillar trends observed at θ 0 = π/3. Fig.4 (a) & Fig. 4(b) show transmittance and DOM as a function of frequency respectively in NIM region for both TE and TM modes. The parameters used in this calculation are a=9 mm, b=1 mm, θ 0 =π/6. From Fig.  4(a) , For TE modes, it is observed that as number of unit cells increases, number of resonance peaks have also enhanced. As number of unit cells increases from N=6 to N=10, number of peak in transmittance also enhanced from 2 to 4. In the DOM plot, it is observed that the value of DOM is negative and its absolute value get enhanced with increase in number of unit cells. Simillar trends are observed for TM modes also. One important observation here is that dips in the DOM occur at same frequency for same number of unit cells in TE and TM modes. In this frequency region, transmittance ( Fig. 5(a) ) has peak at different frequency for N=6 and N=10 in TE and TM modes. The DOM shows higher numerical values for N=10 in TE modes, whereas in TM modes, the DOM (Fig. 5(b) ) shows slight enhancement by increasing N from 6 to 10. One remarkable thing here is that in TE modes, there is enhancement of DOM value but DOM shows peak at different frequency whereas in TM modes, this enhancement in DOM values occur at same frequency. As we know that thickness of materials plays important role in the location of allowed and forbidden band gaps, so it is important to study the effect of the thickness of materials A and B on the transmittance and DOM in the present investigation. So 
CONCLUSIONS:
The properties of DOM in one dimensional PhCs containing dispersive metamaterials are computed using Wigner time approach. The expression of DOM is derived by solving Maxwell's equations and using transfer matrix method. Different structural parameters such as relative thickness, incident angle and total number of unit cells are varied and their effects are investigated. It is interesting to note that there are three different frequency regions where materials behave as SNG materials, NIMs, and PIMs. In the SNG frequency region; at fixed relative thickness, DOM is enhanced and is shifted towards lower frequency region with increase of incident angle. In the NIMs regime, DOM is negative for TE and TM modes and a very little effect of number of unit cells is observed. In the PIM regime, where materials behave as positive index materials, the value of DOM is reduced with increase of incident angle and it is shifted towards higher frequency region for both polarized waves. It is also observed that DOM increases with increase of number of unit cells. The value of DOM is found to depend on the relative thickness of each layer. 
